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CONJUGATE-POINT STUDIES AND PLASMA OBSERVATIONS AT 6
EARTH-RADII
INTEGRATED EXPERIMENTS FOR A GEOSTATIONARY SATELLITE
Joseph H. Pope
Research Laboratories
Environmental Science Services Administration
Boulder, Colorado

For several years the Environmental Science
Services Administration Research Laboratories
(and its predecessors) has studied a group of
auroral zone phenomena at various stations in
Canada and the Antarctic. These phenomena
(caused by charged particles, electromagnetic
waves, and hydromagnetic waves) are often observed
simultaneously at both ends (conjugate points) of
a magnetic field line. Great Whale River, Canada
and Byrd, Antarctica constitute one such pair of
conjugate stations. Fortuitously, owing to the
inclination of the magnetic field, the field line
connecting them crosses the geographic equator at
a distance close to the altitude necessary for a
synchronous satellite.
The experiment proposed involves placing a
satellite containing charged particle detectors
and magnetic field instrumentation on the Great
Whale/Byrd field line in synchronous position.
Measurements obtained would be used to establish
the relationships between phenomena at the satellite and at the conjugate points on the ground.

To exploit the conjugate properties in order
to understand auroral zone phenomena, pairs of
stations, one at each end of a field-line,, have
been installed. Studies of the similarities of
the phenomena as observed at the two conjugate
stations may yield deductions with respect to
generation and propagation. A third station, a
synchronous satellite, to observe particles, magnetic field fluctuations, and emissions far out on
the field line is needed to further our understanding of conjugate phenomena.
Conjugate Phenomena
Some examples of these phenomena are listed
in Table 1 with the possible mechanisms, which can
be of several types. "Common source" is one in
which particles are injected Into the field from
the magnetosphere tall. After injection, the particles pro"bably precipitate near the conjugate
stations more, perhaps, because of symmetry rather
than conjugacy.
Whistlers

The satellite would also be Instrumented to
measure exospheric electron densities by three
methods: l) the density in the vicinity of the
satellite would be obtained by a plasma resonance
probe; 2) along the field line by whistlers) and
3) integrated between the surface and the satellite by Faraday rotation and Doppler shift of
a beacon transmitter. These various density
measurements would complement each other to provide a comprehensive determination of the electron
density and its variations.

The whistler phenomenon was one of the first
to be studied conjugately. Whistlers are produced
by the very-low-frequency electromagnetic radiation
from lightning discharges. Some of this energy
propagates over the field lines from one hemisphere
to the other, sometimes echoing back and forth many
times. In the magnetoplasraa the velocity of propagation is a function of frequency, so that the
original pulse is dispersed with respect to frequency, usually resulting In a descending tone. As
theory would suggest, conjugate observations of the
same whistler show successions of whistlers alternating from one hemisphere to the other.

Introduction
If whistlers are observed at sufficiently high
latitudes, or frequency, there is a point on the
frequency scale that has a minimum delay time; the
frequencies both above and "below have systematically
Increasing delay. This frequency with minimum delay
time, the "nose frequency," depends on the Integrated
magnetic field strength over the field line. At
any point on the field line, the frequency equal to
one fourth the local gyromagnetlc frequency has
maximum velocity. This frequency, of course, changes
as the wave propagates, but the final nose frequency
is determined by the particular field line. The
nose frequency, then, is useful in establishing
the latitude of the propagation path, which In turn
can *be used with dispersion measurements to obtain
electron densities in the exosphere.

For many years a group of phenomena collectively known as auroral zone phenomena have been
under study. Many of these phenomena, associated
with auroras, appear to be related to the precipitation of charged particles; others are known
to be electromagnetic wave and hydromagnetic wave
phenomena. A characteristic common to these
various high latitude phenomena is the constraint
imposed by the earth's magnetic field. That is,
under certain circumstances, particles, electromagnetic waves, and hydromagnetic waves follow
magnetic lines of force. Some of the conjugatepoint phenomena have been reviewed by Westcott
(1966)1
This field line propagation often produces
effects which are similar at the two ends of a
line of force. The aurora, for instance, will
often occur not only simultaneously at both ends
of a magnetic field line but often with striking
similarities in its form. Phenomena which occur
together at the two conjugate points are often
called conjugate phenomena.

Often whistlers are observed to be composed of
a multiple succession of discrete traces, each
with successively lower nose frequency and Increased propagation time. Each of the successive
traces can be associated with a single lightning
discharge. (This type of multiplicity should not
be confused with the echoing properties mentioned
at>ove.) Such observations suggest that a number of
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discrete field-aligned tubes or sheets of ionization are illuminated by the original impulse.
The higher the latitude of the duct through
which the trace passes, the lower the nose frequency and the longer the propagation time. The
nature of these ducts and their physical causes
have not been established. A comprehensive
review of whistler and VLF emissions has been
published by Helliwell (1965). 2

interesting processes must take place on these
field-lines.
Magnetic Fields

Emissions
Sharing the VLF frequency band with
whistlers is another phenomenon generally
known as VLF emissions. Several types exist,
ranging from hiss, a band of noise, to discrete
rising tones (Gallet, 1959)- 3 These VLF emissions, which have been studied for many years,
are probably produced by the interaction of
charged particle streams with electromagnetic
waves propagating on magnetic field lines.
Theory indicates that energy may be transferred,
under certain conditions, from the particles to
the waves, amplifying the waves. This process
depends on several factors, including the particle
type (electrons or protons), particle energy,
pitch angle, ambient electron density, and
ambient magnetic field strength. Satellite measurements of these parameters would help to establish the relationships involved and would allow
discrimination between the several suggested
theories. Moving satellites would be less satisfactory for the purpose because of the difficulty
in distinguishing between spatial and temporal
changes.
Micropulsations
A particular type of micropulsation phenomenon
Is known as "pearls." Pearls are usually observed
by magnetic techniques in the frequency range near
1 cps. On an amplitude record they appear as a
one cycle per minute modulation of the one cycle
per second signal. Dynamic spectral analysis
shows the phenomenon to be composed of a succession of rising tones. Observations at conjugates
reveal that, while the event as a whole is nearly
identical at both stations, the individual rising
tones alternate in time from one hemisphere to the
other (Tepley, 1964),^ Present theory indicates
that pearls are caused by the Interaction of hydromagnetic waves, propagating over the field lines,
with charged- particle streams. The value of simultaneous micropulsation and particle measurements
In space Is again clear.
Energetic Particles
Auroral phenomena show broad similarities at
conjugate points, but often there are significant
differences. for example,, in the .intensity of
auroral absorption, events. It is not yet known
whether such differences arise from a relative
displacement of the conjugate points, from
changes of atmospheric properties, or from a
true asymmetry in the particle precipitation into
each hemisphere » Some of these questions could be
answered with a geostationary satellite carrying
particle detectors looking both ways along the
magnetic field. Perhaps even more important
would "be the monitoring of particle fluxes near
the auroral source; these observations would
help to locate the source and determine Its
mechanism. Since the shell L = 7 comes to earth,
near the middle of the auroral zones, some very
3.3-2

Field variations may be linked to the auroral
process, but in any case the synchronous altitude
is the region where the geomagnetic field on the
night side of the earth begins to be stretched
into the magnetospheric tail. The satellite would
monitor the field variations associated with the
earth's rotation within the magnetospheric cavity
and would detect variations related to changes in
the solar wind and the occurrence of magnetic
storms. Thus, knowledge about the shape of the
geomagnetic field in space would be obtained. Such
information is not available now, nor does it seem
likely that it can be obtained adequately with nonsynchronous satellites.
Magnetospheric Electron Density
The deduction that whistlers propagate in the
exosphere suggested that the electron density in
this region is much higher than had previously been
supposed. Early dispersion measurements indicated
several hundred electrons per cubic centimeter at
about 3 earth f s radii. More recently the exosphere
has been found to have certain structural properties, such as the field-aligned tubes of electron
density and a height at which there is a sharp
decrease in electron density of about a factor
of ten (Carpenter, 1963)-\ The position of this
latter property, the plasmapause, in the exosphere
is related to the solar wind activity;during
active periods it occurs close to the earth (3-^
earth's radii), moving out during quiet periods.
The plasmapause is a feature quite different from
the magnetospheric boundary, which is primarily a
magnetic effect.
A knowledge of the density in the magnetosphere is important because the characteristics of
some of the auroral zone phenomena are related to
the ambient density at the point of generation and
along the propagation path. The natural frequency
of fieId-line oscillation, which is thought to
cause certain types of micropulsations, depends to
a large degree on this density. The physical processes that form the structure of the magnetosphere
such as its tail, may also be related to the electron density. Hence, comprehensive measurements of
the charged-particle density and its variations in
this region are of extreme importance in understanding magnetosphere phenomena.
In the past, whistlers and micropulsations
have been used to measure electron densities; more
recently satellite-borne instrumentation, such as
the retarded potential analyzer, has been employed.
All of these techniques have certain associated
difficulties and limitations. To use whistlers, for
instance, one must assume a model of the density
distribution because the information is In the form
of integrated propagation,time. The accuracy of
satellite measurement is uncertain, since the plasma
sheath that accumulates about the vehicle modifies
the instrumental collecting areas. The use of
several techniques will enable the -resolution of '
some of these uncertainties *

Plasma Probe

Ionospheric Back-scatter

In order to obtain the electron density In
the vicinity of the satellite, a plasma resonance
probe is proposed. This type of probe is an
outgrowth of the topside sounder satellite
(Calvert, 1966) . Pulses are transmitted at
different radio frequencies and are reflected
by the ionosphere. The frequency is a measure
of the density at the point of reflection,
while the time between transmission and reception is a measure of the distance to that point.
If the transmitted frequency is equal to the
ambient plasma frequency, a "ringing" phenomenon,
known as a plasma resonance, occurs. Since the
plasma frequency is proportional to the square
root of the electron density, the frequency at
which resonance occurs is a measure of this
density. Other resonances related to magnetic
field strength (gyro frequency) and combinations
of plasma and gyro resonance frequencies also
occur.

These three'techniques Involving the satellite
can be supplemented by a fourth, the Jicamarca
radio-scatter -observatory located near the meridian
plane containing the field line under consideration
(figure l). The radar-scatter method makes use
of electron-scattering of radio pulses. Some of
this scattered energy returns to Its source as
back-scatter, whose waveform Is analyzed for
amplitude versus time to yield electron density
versus height. The density at altitudes of near
10,000 Km have been obtained by this method
(Bowles, 19610 7.
The several techniques, taken together, will
provide electron densities over a rather wide
region in the magnetosphere. By careful .intercomparison, the various uncertainties involved in
the different methods can be minimized.. Thut, we
should be able to establish the magnetosphere's
electron density and its variations with a degree
of confidence never before possible*

Whistlers
Field Line Considerations and Choice of_Ground Stations

Whistlers received both on the surface and
at the satellite can be used to obtain the
electron density along the field line (the path
of propagation). The ambient density obtained
by the plasma probe would provide a tie point
for help in selecting distribution functions.
While ground-based whistler receivers would
observe whistlers from a wide range of field
lines, because of earth-ionosphere waveguide
propagation, those whistlers observed on the
satellite would be propagating on paths close to
the field line of the satellite. Probably the
satellite will only observe whistlers when it is
within a duct. Those whistlers which happen to
be received both in the satellite and on the
surface would be very useful because the differences in dispersion can help to solve problems
such as the amount of dispersion introduced by
the ionosphere. Also, comparison of the density
results obtained on the two halves of the field
line would provide a consistency check on the
assumed distribution function.

One pair of conjugate stations is' comprised by
the stations, at Great Whale River, Canada and 5yrd,
Antarctica. These stations have been used during
the past several years; 'by a number of research
.groups, including' ESSA/Rii, to make conjugate studJbt*
of micropulsations, whistlers, VLF emissions, ionospheric absorption, and other phenomena. Figure 1
shows surface projections of the field lines,
starting from each of the two stations. The field
line computations are baaed on the Jensen and Cain
(1962)° magnetic field expansion. The meridian
projection of the Great Whale field line Is shown
In figure 2. The field lines of auroral zone
stations reach a geocentric distance of about J
earth radii, while the distance of a geostationary
satellite is 6.63 earth radii. Hence, the location
of the Great Whale/Byrd pair is rather fortuitoo*
because the tilt of the dipole axis with respect to
the geographic is such that the satellite is nearly
on a field line. From Table 2, which lists some of
the field line parameters for the two stations, we
see that the field line containing the satellite
maps to the surface 1.5 Kin south of Great Whale and
54 Kin north of Eiyrd. These distances are well
within the scale of most geophysical phenomena and,
indeed, within the uncertainty of conjugate point
locatIons.

Beacon
The radio-beacon technique, in contrast
to that using whistlers, gives the density
integrated between the satellite and surface
receiving station. The two effects involved
In this type of determination are the phasepath effects and Faraday rotation. The former
is observed as a change in phase, while the
latter is a rotation of the signal's polarization. Both result from the dispersive nature
of the propagation medium: the phase effect
uses the relative dispersion on two frequencies;
the polarization effect uses the relative dispersion between the two magneto-ionic modes in
the earth's magnetic field. The amount of
rotation depends on the electron density and
magnetic field strength along the propagation
path. Both the phase-path and Faraday effects
yield values of total electron content between
the station and satellite, but the two methods
taken together can be used to find, for Instance
the total density above the Ionosphere because
the Faraday effect is weighted, through magnetic
field strength, by the lower regions.

Some estimates of the environmental parameters
to be expected for the synchronous position are
given in Table 3. These values will be useful in
the design of the satellite instrumentation. The
electron density is estimated by satellite (Serbu
and Maier, 1966)9 and whistler (Pope, 196110 ; Smith,
1961^0 measurements. The magnetic parameters are,
computed using the Jensen and Cain (1962) field
expansion.

'Those satellite measurements crucial to this
experiment are those which, measure the source
phenomena and those environmental parameters which
may affect the generation or propagation of the
various- conjugate phenomena* The most important
are the particle measurements. The Instrumentation
would be designed to observe: the type of particles>
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Table 1
Conjugate Phenomena
Phenomenon

Method of
Observation

Conjugacy
Mechanisms
cs, mp

Optical aurora

Photometer, all-sky camera

Eadar aurora

Radar

cs , mp

Auroral radio absorption

Riometer

cs . rap

Magnetic activity
(bays, storms)

Magnetometer

cs , mp

Micropulsation "storms T!

ULF-receiver

cs, mp

Micropulsation "pearls'1

ULF-receiver

hm

Micropulsation "oscillations"

ULF-receiver

hm, common
field line

VLF emissions

VLF-receiver

rap,

Whistlers

VLF-receiver

em

cs
mp
em
hm

=
=
=
=

common source of charged particles
mirroring particles
electromagnetic wave propagation
hydromagnetic "wave propagation

3,3-5

em

Table 2
Summary of Some Conjugate Field Line Considerations
Byrd

Great Whale

Maximum altitude

7.12 Ee

7.03 Re

Longitude (at maximum)

75-3° W

Latitude (at maximum)

78.1° w
13.6° s

Altitude (at Equator)

6.87 Re

6.70 Re

Longitude (at Equator)

77-8° W

75-1° W

Distance from satellite
at Equator

1530 Km

Distance projected to
surface

Note:

53 Km
Northward

Height of satellite is 6.63
Re = earth radius; 6378 Kin

3,3-6

12.3° s

Km
1.5 Kin
Southward

Table 3
Environment at Synchronous Orbit (6.63 Re)
Electron density

2-40/cm3

Plasma frequency

40-60 kc/s

Magnetic field strength

0.0011 gauss (110 gamma)

Electron gyro frequency

3-1 kc/s

Proton gyro frequency

1.7 c/s

L-value of intersecting field line

6.9
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Table k
Instrumentation for Satellite Conjugate Experiment
Instrumentation

Measurements

Satellite
Particle counters

Charged particle (type, energy
(l to 100 Kiev), and angular
distribution)

Magnetic sensors

Magnetic vector
Micropulsations (0.1 to 5 cps)

VLF receiver

VLF emissions, whistlers (giving
electron density along field
line)

Plasma resonance probe

Ambient electron density

Radio beacon

Electron content

-Ground Based
Rlometer

Ionospheric absorption

Magnetic sensors

Magnetic activity, micropulsations

Auroral cameras and photometers

Auroras

VLF receiver

VLF emissions, whistlers

Scatter radar

Electron density

Receiver for beacon signals

Electron content
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Figure 2,

The magnetic meridian projection of the field line from Great

Whale Elver showing its relationship to the synchronous satellite
location.
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Figure 3-

Sketch showing the regions in which the electron densities can

be obtained by the several methods.

